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Crossover of the dimensionality of 3d spin fluctuations in LaCoPO 

M. Majumder, K. GhoshrayjB A. Ghoshray, B. Bandyopadhyay, B. Pahari, and S. Banerjee 

Saha Institute of Nuclear Physics, 1/AF Bidhannagar, Kolkata-700064, India 
(Dated: September 4, 2009) 

We report the dc magnetization in the polycrystalline sample of LaCoPO in the range 4 - 300 K 
in presence of the external magnetic fields of 0.1 and 7 T. A comparison of the results in both fields 
suggest a spin fluctuation dominated ferromagnetically ordered state. The present '^^P NMR spin 
lattice relaxation data also supports this along with a clear indication of cross-over from 2D to 3D 
spin fluctuations across Tc- The hyperfine field, (-ffhf) at the ^^P site is anisotropic in contrast to 
isotropic Hm in LaFePO. This gradually reduces to zero near Tc- The origin of anisotropy should 
be related to the magnetic moment arising from the 3d spins in case of LaCoPO. 

PACS numbers: 74.70.-b, 76.60.-k 



Newly discovered correlated electron systems 
LnTiviPnO [Ln=4/ rare earth element, TM=transition 
metal element with more than half-filled 3c? shell, 
Pn=pnictogen element] show interesting electronic and 
magnetic properties such as high transition temperature 
superconductivity, itinerant ferromagnetism, giant mag- 
netoresistance, spin density wave (SDW) and structural 
instability[l|. In particular, LnFeAsO, exhibit pin 
density wave (SDW) and structural instability 0, 13, 
Moreover, they remain metallic to low temperature and 
only shows superconductivity (Tc in the range 26 - 55 K), 
when the SDW is suppressed towards zero temperature 
either through doping [5| or pressure Q. In contrast, 
analogous phosphorous-based LaFePO, and LaNiPO are 
non magnetic metals and exhibit superconductivity (Tc 
in the range 2 - 6 K) due to strongly correlated electrons 
in the undoped form at ambient pressure, with the 
magnetic ordering being suppressed due to the reduction 

It is be noted that 
suggests the 



of magnetic moments 
3ip NMR results in (Lao.87Cao.i3)FePO[l 
presence of short range ferromagnetic correlations with 
no long range magnetic ordering down to 2 K. However, 
in case of LaCoPO, the magnetic moment does not 
vanish completely due to odd number of electrons in 
3d orbitals. This system undergoes ferromagnetic tran- 
sition near 43 K, when the magnetization is measured 
in an external field of 0.1 T, with no superconducting 
transition down to 2 kQ. These results also suggest 
LaCoPO as an itinerant ferromagnet. 

Recently, we presented ^^As NMR study in partially 
oriented parent and F-doped CeFeAsO system focussing 
the importance of 4/ electron induced correlation ef- 
fect over the obvious presence of the same due to 3d 
electrons [14|. In the present paper, we report the re- 
sults of dc magnetization and ^^P NMR in LaCoPO. ^^P 
being a spin 1/2 nucleus, the resonance line shape would 
be affected only by the magnetic interaction and hence 
offer the opportunity to obtain unambiguous information 
about the low temperature electronic state. We have also 
performed ■^^P NMR study in LaFePO for comparison. 



The present results in LaCoPO suggest a strong field de- 
pendence on the onset (temperature) of ferromagnetic or- 
dering suggesting the dominance of spin fluctuations even 
in the magnetically ordered state. Nuclear spin lattice re- 
laxation (Ti) data also confirms this with an indication 
of a crossover of the dimensionality of the ferromagnetic 
spin fluctuations near 130 K. 

Polycrystalline samples of LaCoPO and LaFePO were 
synthesized by solid state reaction[3,@] and were charac- 
terized using powder x-ray diffraction (XRD) with CuKa 
radiation at room temperature. The magnetic moment 
was measured with a SQUID magnetometer (MPMSXL 7 
T, Quantum Design) in presence of the magnetic fields of 
0.1 and 7 T. The NMR measurements were carried out in 
a conventional phase-coherent spectrometer (Thamway 
PROT 4103MR) with a Ho=7M T superconducting 
magnet. The powder sample of LaCoOP was aligned 
using epoxy (Epotek-301) in the magnetic field of 7 T. 
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FIG. 1: (Color online) MVsT curve at 7 T and 0.1 T. In the 
inset 1/M vs T curve is plotted and the solid line is of T^^^ 
curve. 

Fig. 1 shows the variation of the magnetic moment, 
M with temperature, in the field cooled and zero field 
cooled conditions, in presence of magnetic fields of H 
= 0.1 and 7 T. The results indicate the absence of any 
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irreversibility with a sharp enhancement of M below 50 
K in a field of H=Q.l T, as reported earlier^. As the 
NMR measurements were done in a field of 7 T, the bulk 
magnetization was also measured in this field in order 
to compare the bulk and the local magnetic properties 
derived from the NMR results. It is clearly observed 
that in this field, the rapid enhancement of M due to the 
magnetic ordering starts at a much higher temperature 
(~130 K) compared to that observed in a field of 0.1 
T. Such strong field dependence of Tc is also reported 
recently in layered compound Lai.2Sri.8Mn207pJ|. One 
possible reason for this could be the existence of spin 
fluctuations in the ordered state. Application of a field 
of 7 T would reduce the effect of fluctuation and favor the 
ordering of the spins at much higher temperature. This 
is also supported by the observation of negative magneto 
resistance in LaCoPOlSl. 
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FIG. 2: (Color online) (a): Powder pattern of LaCoOP has 
also been shown by open circle in the lower panel along with 
the calculated spectrum represented by the continuous line, 
(b): '^^P NMR spectra in partially aligned LaCoOP sample 
taken at 7.04 tesla, dotted line is for guide to eye. 

Fig. 2(a) shows a typical '^^P NMR spectrum in poly- 
crystalline LaCoOP which is anisotropic in nature. This 
corresponds to the powder pattern for a spin 1/2 nucleus 
with axially symmetric local magnetic field, as expected 
for tetragonal symmetry. The step in the low frequency 
side corresponds to H \\c {0 = 0°) and the peak in high 
frequency corresponds to H _Lc [0 ~ 7r/2). The shift of 
the step with respect to the reference position {vr), cor- 
responds to i^ii and that of the maximum corresponds to 
K^. In Fig. 2(b) we have presented spectra of partially 
oriented sample, where ^60% of the grains are oriented 
in the direction of H ||c. As a result we have obtained 
two well resolved peaks in a same spectrum. Taking ad- 
vantage of the partial alignment, JsTn and K±^ can be de- 
termined accurately. This allows us to measure K^so and 



ifax from the relations Kiso = 2K±/?> + ^j[/3 and i^ax 
= l/3(i4r|| - K±_). As the temperature is lowered the peak 
at H ||c shifts gradually towards the high frequency side. 
Whereas, the peak at H ±c is shifted little towards the 
low frequency. Near 130 K, two peaks merge and start to 
broaden along with a small shift towards lower frequency. 
It is to be noted that this temperature corresponds to 
the onset of the ferromagnetic transition in LaCoPO in 
a field of 7 T (Fig.l). Merging of the two peaks suggests 
the vanishing of the anisotropy of the hyperflne coupling 
near 130 K. A weak temperature dependence of line po- 
sition below 130 K, in the magnetically ordered state, 
together with a line broadening, is as expected in an or- 
dered state. However, this broadening is not as high as 
it is in RFeAsO systems where there is a huge enhance- 
ment of ''^As NMR line width in the ordered state due 
to the spin density wave (SDW) transition. Whereas, 
in LaCoPO, the spectrum can be detected even at 4 K, 
which is well below Tc, suggesting a homogeneous or- 
dered magnetic field along with an itinerant character of 
the Co 3d electrons responsible for the ordering. The 
latter corroborates the present bulk magnetization data 
(Fig.l). Fig. 3a shows the variation of A'|| and K±^ as a 
function of temperature. 
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FIG. 3: (Color online) (a): Temperature dependence of ^^P 
NMR shift, (b), (c): Represent variation of Kiso and iC'ax 
with X respectively. The lines correspond linear fit. 

The shift is mainly governed by the two contributions, 
one is due to conduction electrons (Kq), which is temper- 
ature independent, and the other is temperature depen- 
dent {K{T)) due to localized character of the d-clectrons, 
such that ATtotai = Ko + K{T). 



K{T) = Hta{T)/NAP^B, 



(1) 



where H^^ is the hyperfine field per fis- As long as 
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FIG. 4: (Color online) Variation of ^^P shift with T in 
LaFePO. Inset shows T dependence of 1/TiT in LaFePO. 



H^i remains unchanged, K{T) is proportional to x(^)- 
Fig. 3(b) and 3(c) show the variation of Kiso and if ax 
with X. Both the parameters show a linear variation in 
the range 130 - 300 K, with H'^f = 2.79 kOe/ns and 
H^f = 4.243 kOe/^B The value of H^f is found to be 
much smaller than that reported in case of Ca- doped 
LaFePO (iihf=12.5kOe//XB[l^. A significant deviation 
of the Kiso vs X plot linearity, below 130 K, indicates a 
modification of the electronic wave function contributing 
to the hyperfine coupling, responsible for the tempera- 
ture dependent shift. There are two possibilities; one is 
the partial delocalization of the d-electrons due to mix- 
ing with the s-band near this temperature range, and 
the other is the crystal field effect. To compare the ef- 
fect of complete replacement of Co by Fe, we have also 
performed the ■^^P NMR study in isostructural LaFePO 
in the same temperature range in a polycrystalline sam- 
ple. In this case a symmetric resonance line was observed 
throughout the whole temperature range with slow and 
gradual increase in line- width and shift (Fig. 4), and both 
of these parametrs becomes almost T independent below 
50 K, as was reported earlier in Ca doped LaFePO [l3|. 
This T independent behavior of K below 50 K in LaFePO 
(which does not exhibit ordering) , is very similar to that 
in LaCoPO in the ordered state, in the same temperature 
region. 

To verify the suggestion[l| that LaCoPO is an itiner- 
ant ferromagnet and the magnetic property should be 
governed by the spin fluctuations, we have measured Ti 
at the peak corresponding to H||c. The recovery of nu- 
clear magnetization (Fig. 5) as a function of the product 
of the delay time (r) and T follows single exponential in 
the range 4 - 300 K, as expected for a spin- 1/2 nucleus. 
This also confirms the absence of any impurity contri- 
bution on '^^P NMR. Moreover, it clearly shows that Ti 
decreases in the range 150 - 300 K and then increases till 
100 K and stays constant if the temperature is further 



lowered, signifying a metallic character. 1/TiT (Fig. 6) 
shows a faster increment in the range 150 - 300 K com- 
pared to that in LaFePO, indicating the effect of slowing 
down of the 3d spin fluctuations due to the development 
of short range correlations above the magnetic transition 
temperature. The peak near 150 K suggests the develop- 
ment of long range correlations below this temperature. 
This gradually reduces the contribution of 3c? spin fluc- 
tuations to the ^^P nuclear relaxation process, below 150 
K. Finally an almost T independent behavior below 80 
K signifies that the dominant role in the relaxation pro- 
cess is the Korringa contribution due to s-electrons and 
a less significant role of 3d spin fluctuations, as expected 
in a magnetically ordered state. Thus the present NMR 
result confirm microscopically the occurrence of a long 
range magnetic order in LaCoPO at a higher tempera- 
ture in a field of 7 T, compared to that reported from 
magnetic susceptibility data at H=0.1 T. In order to un- 
derstand the nature of the magnetic correlations we have 
analyzed the Ti data using the existing theoretical mod- 
els for the electron spin fluctuation contribution. 
In general (l/riT)sF is given bv[l^ 



(l/Tir)sF (X (7^hf)'I]x'/(9,^n)/c^„ 



(2) 



where x''{li^n) is the imaginary part of the transverse 
dynamical electron-spin susceptibility,7 and ujn are the 
nuclear gyromagnetic ratio and Larmor frequency, re- 
spectively. According to self consistent renormalization 
(SCR) theory of spin fluctuations, for weak itinerant fer- 
romagnets (WIF), the ferromagnetic (q = 0) 3D spin- 
fluctuation contribution to 1 /TiT in presence of magnetic 
field, both in the paramanetic and the ferrornagnetic re- 
gion is given by the following relation[l7, 1^, l^l 



l/(riT)sF = %/(l + x's'i^) + /3, 



(3) 



where P is a constant related to the area of the fermi 
surface of the magnetic electrons and k is related to the 
energy width of the dynamical spin-fluctuation spectrum. 
/? is temperature independent and contains the sum of the 
contributions due to orbital moments oip and d electrons, 
Fermi contact contribution of s conduction electrons and 
that due to the spin dipolar interaction with p and d elec- 
trons. Fig. 6 shows that the experimental curve deviates 
from Eq. [6] above 150 K and agrees in the range 80 - 150 
K. So this relation is not satisfied in both the paramag- 
netic and the ordered state as it should According 

1/x or 1/M should 
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to the SCR theory of WIF 

vary as T*/'^. However it can be seen from the inset of 
Fig. 1 that above 150 K 1/x deviates from this relation 
which dictates that there is a crossover between 3D to 
2D spin fluctuation near Tc ■ When 2D spin fluctuations 
are dominant, 



13|,|2l|,l22| 



l/riTcxx(9 = 0)3/2. 



(4) 
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FIG. 5: (Color online) Recovery curves Vs Tau xT at different 
temperatures in LaCoPO, fitted with a single exponential. 

In the present case since K is proportional to x the 
temperature range 150 - 300 K (Fig. 3a), so to calcu- 
late the value of 1/TiT using Eq. 4 , we have used 
the values of K, since the Knight shift probes the in- 
trinsic spin susceptibility of the sample, to see whether 
experimental l/TiT vs T curve follows the above rela- 
tion. It is seen from Fig. 6 that the experimental data 
agrees quite satisfactorily with the calculated curve in 
the above temperature range, which suggests the pre- 
dominance of ferromagnetic 2D spin fluctuations above 
the ordering temperature. According to the extension of 
SCR theory for 2D itinerant ferromagnetic metal near 
magnetic instability^] 

1/TiT (xT-^/^{-lnT)-^/^, (5) 

The calculated curve using Eq. (5) is also shown in 
Fig. 6. This also agrees quite satisfactorily with the 
experimental results and therefore further confirms the 
above conclusion. Since the spin fluctuation is 2D in na- 
ture above 150 K, the relaxation time should be greater 
than that in the case where 3D spin fluctuation domi- 
nates. Possibly this is the reason for the smaller value of 
Ti obtained for the calculated value of 1/TiT using Eq. 
(3) above 150 K. Thus we can conclude that their is a 
crossover from 2D to 3D ferromagnetic spin fluctuations 
from room temperature to low temperature through 150 
K. Below 100 K, the relaxation process is mainly gov- 
erned by the Korringa process. The l/TiT vs T curve 
for LaFcPO is shown in the inset of Fig. 4. The behavior is 
very similar to that reported in Ca-dopcd LaFePO. The 
slow but gradual increase of 1 /Ti with T in the range 50 - 
300 K could be a signature of the weaker short range cor- 
relations among the 3d spins of Fc in LaFcPO compared 
to that in LaCoPO. 

In conclusion, we report the dc magnetization in La- 
CoPO in the range 4 - 300 K in presence of 0.1 and 7 
T. The results suggest the dominance of 3d spin fluctu- 
ations in the magnetically ordered state. This is further 
confirmed by the '^^P nuclear Ti measurements. The T 
dependence of 1/TiT in LaCoPO suggests the dominance 
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FIG. 6: (Color online) T dependence of 1/T\T is represented 
by open circles in LaCoPO. Dotted line, dashed line and solid 
line correspond to equations (3), (4) and (5) respectively. 



of 2D ferromagnetic spin fluctuations in the paramag- 
netic phase with a crossover to the 3D ferromagnetic spin 
fluctuation regime near the ordering temperature. In this 
compound, the hyperfine field is anisotropic at 300 K and 
it gradually reduces to zero near 130 K, below which the 
bulk susceptibility shows a sharp enhancement, due to 
the ferromagnetic ordering. On the other hand ^^P iJhf 
is isotropic in LaFePO in the range 4 - 300 K. The origin 
of the anisotropy in iJhf in case of LaCoPO could arise 
due to the larger magnetic moment of Co ion arising from 
the 3d-electrons, compared to very small magnetic mo- 
ment of Fe ion in LaFePO, as revealed from a weak tem- 
perature dependence of shift Kiso and 1/TiT in LaFePO 
in the range 50 - 300 K. 
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